ABSTRACT. A model of patent ductus arteriosus in premature lambs was created to study the relative importance of j3-adrenoreceptor stimulation and increased myocardial contractility. In 39 fetal lambs (133 f 2, f SD days gestation, term 145 days), the ductus arteriosus was infiltrated with formalin, and a snare was placed around it to regulate its patency. One day later, the lambs were delivered, given sheep surfactant, paralyzed, and mechanically ventilated. Microsphere measurements of left ventricular o u t~u t were made between 4 and 6 h after delivery. When thk ductus was opened, there was no change in heart rate, but there were significant increases in left ventricular output, stroke volume, left ventricular end-diastolic pressure, and peak dP/dt. The increase in peak dP/dt due to opening the ductus was greater than that due to an increase in left ventricular end-diastolic pressure alone and was accompanied by an increase in norepinephrine secretion from the left ventricle. Propranolol (1 mg/kg) was used to evaluate the effect of P-adrenergic tone on left ventricular output and contractility. The left atrium was paced in both control and propran-0101-treated lambs. When the ductus was closed, propran-0101 significantly decreased stroke volume and peak dP/dt without changing left ventricular end-diastolic pressure or systemic vascular resistance. During a saline volume load (50 ml/kg over a 3-min period), propranolol-treated lambs had a reduced stroke volume and peak dP/dt despite similar values of left ventricular end-diastolic pressure and resistance as those of control lambs. Therefore, P-adrenergic tone plays a significant role in increasing contractile state and left ventricular performance in preterm lambs when they are challenged with a volume load such as a patent ductus arteriosus. 
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The PDA is believed to represent a significant stress for the premature cardiovascular system. The pathologic features of a PDA depend both on the magnitude of the left to right shunt through the ductus and on the cardiovascular responses to the shunt. Adult animals compensate for a large arteriovenous fistula by increases in preload through increased venous return and by decreases in afterload, as well as by increases in catecholamine secretion, heart rate, and contractility (1-3). We previously have found that premature lambs are able to double their left ventricular output in response to a PDA (4) . This is due primarily to an increase in preload and a decrease in afterload (5) . The role of myocardial contractility in this response has not been examined. Studies in full-term neonatal lambs have suggested that the newborn has a limited ability to increase its myocardial contractility. Sympathetic innervation of the newborn heart is incomplete at term, and the immature myocardium appears to be more dependent on, and more sensitive to, circulating catecholamines (6) . Catecholamine concentrations rise abruptly to very high levels at birth (7, 8) , and this increase is associated with marked increases in cardiac output and oxygen consumption (9) (10) (11) (12) (13) (14) . Thus the newborn myocardium may be unable to increase its contractility in response to increased demand [e.g. volume loading or @-adrenergic stimulation (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ] when it is already functioning under a high level of adrenergic stimulation. We have created a premature lamb model of PDA to examine the role of P-adrenoreceptor stimulation and increased myocardial contractility in the heart's ability to increase its cardiac output when challenged with a volume load. The role of changes in preload and afterload has been considered previously (5) .
METHODS
Preparation. Thirty-nine mixed Western breed time-dated pregnant ewes at 129 to 134 days gestation (1 33 + 2, kSD days, term 145 days) were fasted, but allowed free access to water, for 24-48 h before surgery. Surgery was performed under epidural anesthesia with 2-4 ml of 1 % tetracaine hydrochloride. Ketamine (100 mg) was administered intravenously every 15-30 min for sedation. Local anesthesia with 0.25% lidocaine hydrochloride was used for all fetal incisions. A continuous intravenous infusion of 10% dextrose in 0.9% NaCl was given to the ewe throughout the surgery.
In the ewe, polyvinyl catheters were inserted into the pedal vein and artery and advanced into the inferior vena cava and descending aorta, respectively. A hysterotomy was performed, and polyvinyl catheters also were inserted into the pedal vein and artery of the fetus and advanced into the inferior vena cava and descending aorta. A left thoracotomy was performed, and the left lung was retracted to expose the great vessels and the ductus arteriosus. The ductus was dissected from the surrounding tissue, and 10% buffered formalin was injected into the vessel wall to destroy the muscular layer. Then a mechanical snare (made from a cardiac catheterization guide wire and catheter sheath) was looped around the ductus and brought through the fetal chest wall. Catheters were placed in the pulmonary artery and internal mammary artery and vein. A pair of stainless steel pacing wires were sutured to the left atrial epicardium. In seven fetuses, a catheter was placed in the coronary sinus via the left hemiazygous vein (15) . Catheters and wires were tunneled subcutaneously to the ewe's flank and secured there in a pouch. The thoractotomy and hysterotomy were closed, and the pregnancy allowed to continue.
After 1 day for surgical recovery, the abdominal incision in the ewe was reopened under epidural anesthesia, and the fetus was delivered onto the maternal abdomen. The fetus was paralyzed with pancuronium bromide (0.4 mg intravenously). The trachea was intubated with a 4.5 F cuffed endotracheal tube, and sheep surfactant was instilled into the trachea (50 mg surfacant lipid/kg body weight). The sheep surfactant was prepared from lung lavages of healthy adult sheep as described previously (1 6). As the surfactant was instilled, the fetus was positioned from side to side to achieve even lung distribution. Then the umbilical cord was ligated, and the lamb was delivered to a warming table and ventilated (in the prone position) with an infant ventilator (Sechrist, Anaheim, CA). Through umbilical and perhipheral vessel cutdowns (using local anesthesia), additional intravascular catheters were passed into the newborn lamb's LV, right atrium, and umbilical artery. In addition, a 5 F transducer-tipped catheter (Gaeltec Ltd., Medical Measurements Inc., Hackensack, NJ) was placed in the right carotid artery and advanced into the left ventricle. All catheters were placed and secured by 30 min after delivery. All intravascular catheters were kept patent by small, intermittent boluses of 5% dextrose in warm (<2-3 ml/kg/h).
The initial ventilator settings were: peak inspiratory pressure, 28 cm water; positive-end-expiratory pressure, 3 cm water; inspiratory time, 0.6 s; and respiratory rate, 60 breathslmin. The initial Fi02 was 100%. After 30 min stabilization, the ventilator rate was decreased (by increasing the expiratory time) to 30-40 breathslmin. The Pa02 was maintained between 150 and 300 torr by adjusting the Fi02; the PaC02 was maintained between 25 and 40 torr by adjusting the peak inspiratory pressure. This range of values was chosen to reduce pulmonary vascular resistance so that any left to right shunt through the ductus arteriosus would be maximized. An intravenous infusion of 5% dextrose in water at a rate of 5 ml/kg/h was begun after delivery. The lambs initially were towel-dried and covered with a plastic sheet to reduce evaporative losses. Rectal temperature was maintained between 38 and 39" C with Aquamatic K-pads and with radiant heat lamps. Pancuronium bromide was administered as needed to maintain paralysis. For sedation, diazepam (Valium IV, Hoffmann LaRoche, Nutley, NJ), 0.1 mg/kg intravenously, was given shortly after delivery. Heparinized maternal blood was transfused to replace blood lost from sampling.
Cardiovascular function measurements. Vascular pressures
(femoral arterial, pulmonary arterial), right atrial pressures, and left ventricular pressures were measured continuously using Beckman pressure transducers (Sensormedics, Anaheim, CA) and a Sensormedics Dynograph R611 multichannel recorder (Anaheim, CA). The signal was averaged electronically to obtain mean pressures. The transducer-tipped LV catheter was externally calibrated with a mercury manometer and was periodically matched to in vivo pressure recordings from the fluid-filled LV catheter. The rate of rise, or first derivative of LV pressure (dP/ dt), and the peak rate of rise (peak dP/dt) were measured using a Sensormedics 9879 DP/DT coupler.
To measure blood flows, we injected approximately lo6 radiolabeled 15 pm microspheres into the LV while reference blood samples were withdrawn from the ascending and descending aorta (16) . After the experient, the lamb was killed with 3 ml of Euthanasia-6 Solution (Veterinary Laboratories, Lenexa, KS), and the position of all catheters and function of the mechanical snare were verified. The organs were removed, weighed, and placed in formalin. They were incinerated at 325" C for 72 h, pulverized, and packed into counting vials. The amount of each radionuclide in the organs and reference blood samples was measured with a well-type gamma scintillation counter and a multiple-channel pulse height analyzer.
Q LV was calculated using the concentration of microspheres in the reference samples, and the total number of microspheres recovered from the whole animal. Left to right Q ductus was calculated using the concentration of microspheres in the reference samples and the total number of microspheres in the lungs (16) ; an assumed bronchial blood flow of 8% of Q LV was subtracted from the measured lung blood flows. This amount was determined from measurements made in 35 newborn lambs (130-135 days) in which the ductus had been ligated (Clyman RI, unpublished observations). We previously have found, using microspheres injected into the inferior vena cava, that right to left shunting of blood through the foramen ovale was less than 4% of venous return in newborn lambs (130-135 days) 2-10 h after delivery; we have not been able to detect any right to left shunting of blood through the ductus arteriosus (Clyman RI, unpublished obse~ations). Therefore, Q pulmonary was considered equal to the Q LV, and effective Q systemic was estimated as the Q LV minus the left to right ductal shunt.
Resistances to blood flow were calculated from the pressure and flow measurements. R pulmonary was calculated by dividing (the mean pulmonary arterial -left ventricular end-diastolic pressure difference) by pulmonary blood flow. Systemic vascular resistance (R systemic) was calculated by dividing (the mean aortic -right atrial pressure .difference) by effective systemic blood flow. Ductus arteriosus resistance (R ductus) was calculated by dividing (the mean aortic -pulmonary arterial pressure difference) by the ductus arteriosus flow. Total resistance against which the left ventricle pumps (R total) was calculated from the formula:
Arterial pH, Pa02, and PaC02 were measured with a Corning 158 blood gas analyzer (Coming Medical and Scientific, Medfield, MA).
Catecholamine measurements. From the ascending A and V, 2 ml blood samples were drawn simultaneously into tubes containing reduced glutathione and EGTA for measurement of plasma catecholamines. The plasma was separated and frozen at -30" C until subsequent assay (8) . Plasma NE and E concentrations were determined in duplicate 50-p1 aliquots of plasma using the single isotope radioenzymatic assay of Padbury et al. (8) and Passon and Peuler (17) . The sensitivity of the assay is 1-2 pg for NE and E. The hematocrit was measured to convert left ventricular free wall blood flow rate to plasma flow. The plasma flow was expressed as ml/min/g of LV tissue to facilitate comparisons between experiments.
Fractional extraction of catecholamines and net LV uptake were calculated as follows: fractional extraction (%) = (A-V/A) x 100, and net uptake (pg/min/g LV tissue) = (A-VIA) x A x plasma flow. Although the coronary sinus of the newborn receives small amounts of blood flow from the left atrium and right ventricular free wall, approximately 85% of coronary sinus flow comes from the left ventricular free wall and septum (18). Blood flows to the left ventricular free wall and septum are similar in newborn lambs (18).
An approximation of LV secretion of NE into blood was made based on two assumptions: I ) cardiac production of E is negligible, and 2) uptake of E and NE by LV tissue is approximately the same (19, 20). Therefore I ) the net LV uptake of E should equal the total LV uptake of E, 2) the fractional extraction of E is a measure of the true fractional extraction of NE (i.e. if LV NE secretion were zero), and 3) total NE uptake from blood can be estimated by (A-V/A)E x ANE x flow. Then: estimated LV NE
Experimental protocols. Group 1. Fifteen lambs were used to determine the effects of a change in ductus arteriosus patency on LV performance and catecholamine secretion. Seven lambs had their ductus kept open after delivery; eight lambs had their ductus closed mechanically (by closing the snare) 30 min after delivery. The lambs were allowed to stabilize for at least 3 h after delivery. After this time, there were no further changes in Fi02 or ventilator pressure settings. The animals were studied between 4 and 6 h after delivery. The effects of a change in ductus patency were examined by making measurements (heart rate, blood pressures, peak dP/dt, microsphere blood flows, arterial blood gases, pH, hematocrit, and plasma catecholamines) 15 rnin before and 35 rnin after a change in ductus arteriosus patency (i.e. tightening the snare in a lamb whose ductus previously had been patent or loosening the snare in a lamb whose ductus had been closed). Ventilator settings and arterial blood gases at the time of measurements with closed ductus were: Fi02 = 0.67 k 0.24, peak inspiratory pressure = 23 f 1 cm H20, pH 7. In six of the lambs, after the above measurements were made, the ductus was closed, and an intravenous infusion of warmed (39" C) 0.9 g/100 ml NaCl was begun into the superior vena cava to study the effects of changes in LV end-diastolic pressure on peak dP/dt. Group 2. Twenty-four lambs were used to examine the role of /3-adrenergic stimulation in maintaining cardiac output during baseline conditions and during a volume load. All lambs had their ductus closed by 30 min after delivery and were allowed to stabilize for an additional 3 h. After this time, there were no further changes in Fi02 or ventilator pressure settings. Heart rate was controlled by pacing the left atrium at a rate 5 beats/min faster than the spontaneous heart rate (model S4G stimulator, Grass Instruments, Quincy, MA). In nine lambs, 30 rnin after baseline measurements, 50 ml/kg of warmed (39" C) 0.9/100 ml NaCl was infused into the superior vena cava over a 3-min period. This volume and rate of infusion were chosen because they produced stable LV end-diastolic pressure elevations between 18 and 25 torr. In preliminary studies, we found that this range of LV end-diastolic pressures caused a maximal increase in stroke volume and peak dP/dt in three preterm lambs that had precalibrated electromagnetic flow transducers applied around the ascending aorta (above the coronary arteries) in addition to the surgical preparation described above (Fig. 1) . This is also the optimal range for full-term newborn lambs (1 1, 12) . LV end-diastolic pressure reached its maximum value by 1.5 min after the start of the infusion and remained stable over the next 1.5 min. Microsphere measurements were made after 1.5 min of infusion when the LV enddiastolic pressure had plateaued.
The 15 other lambs were pretreated with 1 mg/kg propranolol hydrochloride (Inderal, Ayerst Lab., New York, NY) intravenous 10 min before the baseline measurement and 10 min before the volume load.
Statistics. We compared measurements by a paired t test or unpaired t-test where appropriate. The level of significance was p < 0.05 (two-tailed). The data are reported as means k SD. Table 1 examines the effects of a change in ductus arteriosus patency on LV performance. In all 15 lambs, the left to right shunt through the ductus was more than 40% of the LV output; the mean shunt when the ductus was open was 58 f 12%. When the ductus was open, there was no change in heart rate. As a result, the increase in LV output was due entirely to an increase in stroke volume. The increase in stroke volume was associated with an increase in LV end-diastolic pressure, a decrease in total resistance, as well as an increase in peak dP/dt. To see whether the increase in peak dP/dt was due to the increase in LV end-diastolic filling pressure, the following experimental protocol was used in six lambs (Table 2) . First, measurements were made when the ductus was open and closed. Then the lamb's ductus was closed, and an intravenous infusion was begun. We continuously recorded measurements of peak dP/dt and LV end-diastolic pressure during the infusion; then we compared the value of peak dP/dt recorded during the infusion at the LV end-diastolic pressure that corresponded to the value of the LV end-diastolic pressure recorded when the ductus was open (during the preinfusion period). When the ductus was open, there was an increase in LV end-diastolic pressure from 5. Effect of a saline infusion on stroke volume and peak dP/dt in three preterm lambs. Three premature fetal lambs were prepared as described in "Methods." They were delivered 1 day later and studied between 4 and 6 h after delivery. NaCl 0.9 g/100 ml was infused into the superior vena cava at 50 ml/kg during a 3-min period. Continuous measurements of cardiac output, heart rate, and peak dP/dt were recorded. Values of stroke volume and peak dP/dt are expressed as a percent of preinfusion values. Values represent mean + SD. Table 3 summarizes the effects of a change in ductus arteriosus ventricular Output. patency on NE and E concentrations. ~easurements were made during 14 changes in ductus patency in seven premature lambs. When the ductus was open, there were no changes in circulating arterial E or NE concentrations. There was a significant increase in plasma flow to the LV free wall. Using the arterial and venous concentration differences and the equations described above, we calculated estimated myocardial secretion rates of NE. Estimated LV NE secretion into the blood increased by 63% when the ductus was open.
RESULTS

Group 1.
Group 2. To evaluate the effects of P-adrenergic stimulation on LV output and contractility, propranolol(1 mg/kg) was given to 15 preterm lambs whose ductus were closed. Propranolol decreased the spontaneous heart rate from 150 f 14 to 1 18 f 1 1 beats/min ( p < 0.0001). Therefore, to study the effects of propranolol on contractility, the left atria of the lambs were paced at a rate slightly above their spontaneous heart rate ( Table 4) . Despite no change in paced heart rate, propranolol caused a significant reduction in peak dP/dt as well as a decrease in LV output and in stroke volume. There were no changes in LV enddiastolic pressure or in systemic vascular resistance. After propranolol, there was a significant increase in pulmonary vascular resistance from 0.17 f 0.07 to 0.23 f 0.13 torr/ml. kg-' . min-I ( p < 0.01). Propranolol had no effects on pH, Pa02, or PaC02.
In Table 5 , the effects of propranolol are examined in premature lambs during a saline volume load. Both groups of lambs had their ductus closed, and both had their heart rates controlled by left atrial pacing. In the control group, the volume infusion produced a significant increase in stroke volume ( p < 0.001), which was associated with an increase in peak dP/dt ( p < 0.005), an increase in LV end-diastolic pressure ( p < 0.0), and a decrease in systemic vascular resistance ( p < 0.000 1). Propranolol-treated lambs did not increase their peak dP/dt to the same magnitude as did the control lambs. As a result, they had a significantly smaller stroke volume during the volume load despite having a similar increase in LV end-diastolic pressure and a similar de- crease in resistance as did the control lambs. Propranolol had no effects on the pH, PaOz, or PaC02 measured during the volume load.
DISCUSSION
We found that preterm lambs with moderate respiratory distress can double their LV output when challenged with a left to right shunt through the ductus arteriosus. This increase in LV output was due entirely to an increase in stroke volume. In preterm lambs with a PDA, this increase in LV performance was associated with an increase in preload (LVEDP), a decrease in RT, and an increase in peak dP/dt (Table 1) .
Peak dP/dt is an index of cardiac performance that is unaffected by afterload but is sensitive to changes in preload, heart rate, and myocardial contractility (2 1-23). If there are no changes in preload or heart rate, then changes in peak dP/dt reflect changes in contractility. During our studies, there were no changes in heart rate either during the saline volume load or during the change in ductus patency. We found that a large volume load that increases preload and LV end-diastolic pressure to greater than 15 mm Hg can produce an increase in peak dP/ dt ( Fig. 1; Table 5 ). Possible causes of the increase in peak dP/ dt include increasing end-diastolic volume (which is independent of alterations in contractility) and volume induced augmentation of catecholamine release (which directly alters left ventricular contractility). (For a discussion of large preloads, see below.) However, we found that smaller increases in preload (in the range produced by opening the ductus arteriosus) produced a negligible change in peak dP/dt (Table 2 ). There are several assumptions that are involved with this conclusion. We have not used a direct index of preload (such as end-diastolic volume) in our studies. Instead, we have used the indirect index, LVEDP. For the LVEDP to reflect accurately the changes in preload produced by opening a ductus shunt or during a saline infusion, the compliance of the left ventricle must be the same in the two conditions. Similar studies by other investigators would support our conclusion. Baylen et al. (24) produced volume infusions with whole blood (instead of saline) in preterm and full-term lambs. Despite increases in LVEDP that were more (1 1 -13 mm Hg) than those produced in our study and despite increases in left ventricular end-diastolic volume of 25 to 50%, they observed no increase in peak dP/dt during their volume infusions (24).
Similarly, Quinones et al. (22) found that peak dP/dt could be used to evaluate acute changes in contractility since its response to volume loading (within the physiologic range of blood pressures) was small. Therefore, the significant increase in peak dP/ dt that we observed when the ductus was opened most likely represented an increase in LV contractility.
In addition, the increase in peak dP/dt that was seen after the ductus arteriosus was opened was consistent with the simultaneous increase in estimated LV NE secretion. During this study, we saw no change in circulating concentrations of E or NE. To estimate the release of NE from the heart, we have assumed that there is negligible cardiac release of E and that the uptake of E and NE is approximately equal. The former assumption is supported by studies showing that cardiac E content is only 5% of NE content (25) and that plasma E is not measurable in adrenalectomized people during stress (26). The second assumption is based on in vitro studies that examine uptake of labeled catecholamines by cardiac muscle (27) and on in vivo studies during a large increase in arterial NE concentrations (28) . Furthermore, because only a relatively small percentage of neuronally released NE normally enters the blood (29), our calculation of cardiac NE secretion into the blood is an underestimate of total release of NE from cardiac sympathetic neurons.
As shown in Table 3 , estimated cardiac NE secretion into blood increased by 63% when the ductus was opened, suggesting that the sympathetic nerves to the heart participated in adrenergic activation of the LV. This would explain the increase in peak dP/dt when the ductus was opened. Our findings extend those made in adult animals during an acutely opened arteriovenous fistula; in those studies, the increase in stroke volume after opening of the fistula was accompanied by increased plasma catecholamines and contractility (1) (2) (3) .
Herein, no changes in circulating NE or E were seen when the ductus was open. Myocardial secretion of NE, however, was increased. These results highlight the importance of evaluating specific regional kinetics of secretion and clearance of norepinephrine in specific pathophysiologic states as suggested by Esler and coworkers (30, 3 1) .
While our results demonstrated increased LV NE secretion with the ductus open, there was still a net clearance of NE across the heart. Net myocardial secretion of NE has been demonstrated in response to stimulation of cardiac adrenergic nerves (32, 33) and exercise (34) . This suggests that the relative contribution of myocardial NE release to changes in the concentration of circulating NE is highly dependent on species, stimulus, and developmental age.
It is interesting to note that we did not see a change in heart rate when the ductus was opened, despite the increase in cardiac NE secretion and the increase in peak dP/dt. Perhaps differences in regional distribution of myocardial preceptors or differences in density of innervation might explain why an inotropic effect was seen without an increase in heart rate.
We used the P-adrenoreceptor blocker propranolol to evaluate the importance of P-adrenergic stimulation in the preterm newborn. P-Adrenergic blockade produced a significant decrease in heart rate, peak dP/dt, and stroke volume in lambs with a closed ductus ( Table 4) . Thus the high circulating catecholamine concentrations observed after delivery in preterm lambs may play an important role in maintaining heart rate and cardiac output (7, 8) .
Propranolol produced a significant increase in pulmonary vascular resistance and a decrease in the ratio of systemic vascular resistance to pulmonary vascular resistance. As a result, after propranolol, there was a significant decrease in left to right shunt through the same size open ductus arteriosus (data not shown). Because propranolol altered the amount of left to right shunt through an open ductus, it was not possible to use the same animal to compare the effects of propranolol (before and after treatment) on LV output and contractility. However, when propranolol was given to 12 lambs (data not shown) whose heart rates were controlled by left atrial pacing, there was no longer a significant increase in dP/dt when the ductus was open (closed: 1289 k 336 mm Hg/s; open: 1408 k 500 mm Hg/s). In these lambs, the mean left to right shunt was 41 + 19% of the LV output. Therefore, in an attempt to evaluate the role of Padrenergic stimulation in preterm animals during a volume load, we used saline infusions in animals with closed ductus that were undergoing left atrial pacing. It should be pointed out that volume loading of the left ventricle by opening the ductus may not be directly comparable to saline infusion (with both right ventricle and LV loading) in lambs undergoing left atrial pacing (with possible left to right foramen ovale shunting). With that caveat in mind, we found that saline infusions that elevated LV end diastolic pressure to 18-25 mm Hg, in lambs with closed ductus, produced significant increases in peak dP/dt and stroke volume. When challenged with a volume load, propranololtreated lambs did not increase their peak dP/dt and stroke volume to the same magnitude as did control lambs. These findings are consistent with the hypothesis that part of the increased cardiac performance observed during a large volume load is mediated by P-adrenergic stimulation.
Studies performed in fetal lambs (35) (36) (37) have recorded measurements of LV contractility comparable to those obtained in adult sheep. However, the fetus has a limited capacity to increase its stroke volume above resting values when challenged either with a volume load (38, 39) or with P-adrenergic stimulation (40, 4 1).
On the other hand, studies performed in full-term newborn lambs have found that measurements of LV contractility and output in the newborn far exceeded those in the adult (9-13). The high levels of LV contractility and performance in the fullterm newborn have been attributed to the predominance of sympathetic autonomic neural stimulation in these animals (7, 14) . Although somewhat better than the fetus, the full-term newborn lamb's ability to increase its LV contractility and stroke volume above resting values when challenged either with a volume load ( 1 1 -14) , or with P-adrenergic stimulation (1 1, 14) is also limited. The full-tern newborn may be unable to improve ventricular performance substantially, because it may already be functioning at maximal contractility due to high resting state demand.
We found that, when the ductus was closed, the LV contractility and output in preterm lambs studied 4 to 6 h after delivery were less than those previously reported for full-term lambs. This was despite the higher circulating concentrations of catecholamines found early after birth in premature animals (8) . In addition, the preterm lamb appeared to be able to increase its contractility and stroke volume through enhanced sympathetic neural stimulation. Our observations differ from those reported by Baylen and coworkers (24, 42, 43) , who studied premature (120-124 days gestation) lambs during the first 2 h after delivery. They found that the contractility, as described by either the peak dP/dt or the peak dP/dt normalized to end-diastolic volume, remained essentially unchanged when there was a change in ductus patency (43) or an increase in volume load (24). In addition, propranolol seemed to have no effect on resting state values of contractility (42) . Our studies differ both in the gestational age of the lambs used and in the time after delivery when they were studied. In premature lambs, there is a marked increase in the secretion of catecholamines that occurs immediately after birth; this increase peaks by 2 h, drops to 25% of this peak by 4 h, and continues to decline thereafter (8) . We would hypothesize that the inability of Baylen et al. (42) to demonstrate an increase in 0-adrenergic stimulation of myocardial contractility is due to the timing of their studies; specifically, animals studied within the first 2 h after delivery may be under maximal P-adrenergic stimulation and may not have any reserve for additional catecholamine secretion. The question also remains whether the doses of pro~ranolol used in their studies could effectively block the markedlv preterm lambs. Preterm lambs faced with a volume load have a significant increase in myocardial NE secretion and an increase in myocardial contractility. This increase in contractility, together with the increase in preload and decrease in afterload, enables the premature lamb to increase its stroke volume when there is a change in ductus arteriosus patency. Left ventricular performance and contractility before and after volume infusion: a com~arative study of preterm and full-term newborn lambs.
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